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ABSTRACT
Performance of Waspaloy at Elevated Temperature for Heat Exchanger
Applications
by
Lalitkumar B. Savalia
Dr. Ajit K. Roy, Examination Committee chair 
Associate Professor o f M echanical Engineering 
University o f Nevada, Las Vegas
This investigation was focused on characterizing the high-temperature tensile 
behavior and corrosion susceptibility o f  the nickel-based alloy Waspaloy, which is a 
candidate structural material for heat exchangers in the nuclear hydrogen generation 
program. The tensile properties, evaluated at three different temperatures, indicate that 
both yield and ultimate tensile strength were gradually reduced with increasing 
temperatures. While no failures were observed in stress corrosion cracking (SCC) tests in 
an acidic solution under a constant-load, the true failure stress (of) was reduced to some 
extent under a slow-strain-rate condition using both smooth and notched specimens. The 
critical potentials, determined in a similar environment by a polarization method, became 
more active at elevated temperature. Cracking was enhanced both at anodic and cathodic 
applied potentials, showing reduced failure strain and Of. Compared to the other two 
tested nickel-based alloys, Waspaloy showed the lowest corrosion rate. The fractographic 
evaluations o f the primary fracture surface o f the tested specimens revealed dimpled 
microstructures, indicating ductile failures.
Ill
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CHAPTER 1 
INTRODUCTION
During the past 200 years, there has been extensive use o f fossil fuels including coal, 
oil and gas. At the same time, the supplies o f these types o f fuels have been gradually 
diminishing due to their growing demand worldwide. This continued demand in fossil 
fuels has created a sharp increase in oil and gas prices, thus requiring the need to develop 
non-fossil fuels such as nuclear energy. However, a major drawback o f generating 
nuclear power and utilizing it for commercial, residential, and industrial applications is 
associated with the disposal of the nuclear waste in a safe and efficient manner.
The United States Department o f Energy (USDOE) has recently initiated a major 
campaign to develop a cleaner and cheaper source o f energy such as hydrogen using 
nuclear power. The generation o f hydrogen using nuclear source may enable the United 
States to minimize its dependence on expensive foreign oil and gas. While there is an 
abundant supply o f hydrogen in the environment, it is always combined with elements 
such as oxygen and carbon. Once separated from these elements, it is the cleanest source 
o f energy. Although hydrogen has been generated in the past by methane cracking and 
electrolysis o f water, the production o f  hydrogen on a commercial scale is still an 
enormous task.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Hydrogen generation using thermochemical processes appears attractive since the 
process heat from the nuclear reactor can be used to drive a set o f chemical reactions. The 
production o f hydrogen using these processes involves the dissociation o f water into 
hydrogen and oxygen resulting from chemical reactions at elevated temperatures. The 
different components o f the proposed nuclear hydrogen generation system are shown in 
Figure 1.1.
Intermediate
Heat-Exchanger
HTdr#gen Generation Plant
Htdrosen
Water
Nuclear React or
Figure 1.1 Different Components in Nuclear Hydrogen Generation System
The two leading thermochemical processes are sulfur-iodine (S-I) and calcium 
bromine (Ca-Br) cycles. Nuclear hydrogen generation using high-temperature electrolysis 
(HTE) has also been considered for splitting o f water into hydrogen and oxygen. 
However, the S-I cycle is currently being preferred to the other two processes by the 
USDOE.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The S-I process is a water-splitting cycle, which was originally developed by the 
General Atomics Corporation (GA). This process consists o f  three chemical reactions, 
which sum to the dissociation o f water using Iodine (I2) and sulfur-dioxide (SO2) as 
chemical catalysts, as illustrated in Figure 1.2.
High Temperature Heat-Ex changer 
H 2SO4 Decomposer
t4
3
Eh
B|T1%
n
M odular
Helium
Reactor
5 0 r.+ H-,0
HgSO
Bunsen
Reactor
Low Temperature Heat-Ex changer 
HI Decomposer
Figure 1.2 Schematic View o f FF Generation by S-I (GA) Cycle
Initially, water reacts with F  and SO? at an approximate temperature of 120'^C to 
generate hydrogen iodide (HI) and sulfuric acid (H2SO4), according to the chemical 
reaction 1, shown in the next page. Subsequently, HI and H2SO4 are separated from each 
other. F  and SO2 are then recovered as byproducts from the breakdown o f HI and H2SO4, 
and recycled. Hydrogen and oxygen gases are eventually collected, as illustrated in 
Figure 1.3. The chemical reaction that requires the greatest heat input is the thermal
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
decomposition o f sulfuric acid (reaction 2 ), for which the temperature lies in the vicinity 
of850°C.
2 H ?0 + SO2 + I2 ^  H2SO4 + 2 HI Temperature ~ I20”C (Exothermic) Reaction 1 
H2SO4  H 2O + SO2 + 1/2 O2 Temperature ~ 750-800°C (Endothermie) Reaction 2 
2 H I ^ H 2 + 12 Temperature ~3I0°C (Endothermie) Reaction 3
a*#!
4
. (j
r
/
HAO,
%
y
V. ler
I
r Hz
Figure 1.3 Chemical Reactions Involved in Thermochemical S-1 Cycle
The use o f high temperature is necessary to produce large quantities o f hydrogen in a 
cost-effective manner since the efficiency o f  hydrogen production may decrease rapidly 
at lower temperatures. Compared to the S-I cycle, the Ca-Br cycle may operate at
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
temperatures lower than that o f the S-1 cycle. The HTE process can, however, operate at 
temperatures comparable to that o f the S-I cycle.
Based on the preceding discussions, it is obvious that the structural materials to be 
used in the S-I system must withstand elevated temperatures in the vicinity o f at least 
800“C, presence o f damaging chemical species, and acidic pH o f approximately 1[1]. 
Under such hostile operating conditions, the structural materials may become susceptible 
to environment-induced degradations such as general corrosion, localized corrosion, 
stress-corrosion-cracking (SCC) and/or hydrogen embrittlement (HE). In addition, they 
can undergo plastic deformation at elevated temperatures. Thus, the paramount material 
needs for heat-exchanger applications in the S-I cycle using nuclear power are centered 
on the identification and selection o f suitable materials possessing superior corrosion 
resistance and enhanced high-temperature tensile properties.
W hile many different metals and alloys have been recommended [2] for applications 
at different temperatures related to nuclear hydrogen generation using the S-I cycle, an 
austenitic nickel-base superalloy such as W aspaloy having excellent high-temperature 
mechanical strength and superior corrosion and oxidation resistance has been selected for 
detailed scientific characterization in this investigation. This material has been known [3] 
to withstand service temperatures up to 1200°F (650°C) for aerospace and gas turbine 
engine components, and up to 1600°F (870°C) for other less demanding applications. 
This alloy has also found [3] numerous applications in compressor, rotor discs, shafts, 
fasteners, and other miscellaneous systems that require optimum resistance to high 
temperature deformation.
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This investigation is focused on the evaluation o f different types o f environment- 
induced degradations and high temperature deformation o f Waspaloy in an environment 
and at temperatures relevant to the S-1 cycle. Different state-of-the-art experimental 
techniques including constant-load (CL) and slow-strain-rate (SSR) methods have been 
utilized to evaluate the susceptibility o f  Waspaloy to SCC and HE. In addition, the 
electrochemical polarization concept has been employed to characterize the localized 
corrosion (pitting/crevice) behavior o f this alloy as a function o f different environmental 
variables. The effects o f controlled anodic or cathodic potentials on the cracking 
susceptibility o f Waspaloy in the S-I solution at tensile loading have also been explored. 
Further the effect o f elevated temperatures on the corrosion rate o f  W aspaloy has been 
studied by immersion technique in the autoclave. Metallurgical characterization including 
microstructural evaluation using optical microscopy is reported in this study. In addition, 
the results o f the fractographic evaluations o f the broken specimens, with and without the 
controlled electrochemical potentials, by scanning electron microscopy have been 
presented in this thesis.
It is anticipated that the comprehensive experimental data and their analyses will 
provide an improved understanding o f the degradation mechanisms and high-temperature 
deformation characteristics o f Waspaloy for possible application as a stmctural material 
in heat-exchangers for nuclear hydrogen generation.
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CHAPTER 2
MATERIAL, TEST SPECIMENS AND ENVIRONMENTS
2.1 Test Material
The material tested in this investigation is a nickel (Ni)-based alloy known as 
W aspaloy (UNS N07001), which has been commercially manufactured by the Allvac, 
Specialmetals, Haynes International, and others. The Ni-based alloys have been 
extensively used in modern-day industrial applications due to their exceptional 
capabilities to withstand severe operating conditions including highly-corrosive 
environments, elevated temperatures, high stresses, and a combination o f all these 
factors. The enhanced ductility and toughness o f Ni-containing austenitic superalloys, 
such as Waspaloy, may be attributed to their stable FCC phase structures maintained even 
up to their melting temperatures. Ni offers very high corrosion resistance, and provides 
an excellent base for developing specialized alloys. Intermetallic phases can be formed 
between nickel and some alloying elements, enabling the development o f very high- 
strength alloys for both low and high-temperature services. The presence o f high Cr 
content in these alloys renders them highly resistant to corrosion in the normal 
atmosphere, sea water and acidic environments. The typical physical properties o f 
Waspaloy are shown in Table 2.1 [4].
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Table 2.1 Physical Properties of Waspaloy
Physical Property Temperature, C Values
Density Room 8.19 g/cm^
Melting Range 2425-2565 —
Mean Coefficient o f Thermal Expansion 21-93 6 .8  X 1 0 -V in ."F
Modulus o f Elasticity 2 1 30.3 X 10  ^ksi
Round bars and flat plates o f Waspaloy were received from Frysteel Company and 
Reade Advanced Materials in heat-treated conditions. They were solution-annealed at 
1925°F followed by water quenching, thus resulting in a fully-austenitic microstructure. 
The chemical compositions and room temperature tensile properties of the as-received 
bars o f Waspaloy are given in Tables 2.2 and 2.3, respectively.
Table 2.2 Chemical Compositions o f W aspaloy (%wt)
Heat
No.
C Co Cr Fe Mn Mo Ni P AI Ti Ta Si w
GH55 0.044 13.11 19.40 0.08 0.01 423 58.61 0.002 1.39 3.03 0.02 0.02 0.02
1865C 0.037 13.13 19.69 0.86 0.03 4.27 57.49 0.003 1.35 3.03 0.01 0.01 0.03
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Table 2.3 Ambient Temperature Tensile Properties of Waspaloy
Heat No. Yield Strength (ksi) Ultimate Strength 
(ksi)
%E1 %RA
1865C 1 0 0 198 43 48
2.2. Test Specimens
The round bars o f Waspaloy were machined to fabricate smooth and notched 
cylindrical specimens having 4 inch (101.6 mm) overall length, 1 inch (25.4 mm) gage 
length and 0.25 inch (6.35 mm) gage diameter, as illustrated in Figures 2.1 and 2.2 
respectively. These specimens were machined in such a way that the gage section was 
parallel to the longitudinal rolling direction. The gage length to the diameter (1/d) ratio o f 
these specimens was maintained at 4 according to the ASTM Designation E 8  [5]. The 
tensile properties o f both smooth and notched specimens were determined using a Model 
319.25 MTS machine.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 2.2 Configuration o f the Notched Cylindrical Tensile Specimen
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The notched specimen had a circular notch o f 0.156 inch (3.962 mm) diameter at the 
center o f  gage section with a root radius o f 0.0468 inch (1.188 mm). These specimens 
were used to study the effect o f stress concentration on the room temperature tensile 
properties and the SCC susceptibility in the test environment using both CL and SSR 
techniques. The stress concentration factor (Kt) corresponding to this notch configuration, 
shown in Figure 2.3, was approximately 1.45. The Kt value was determined using the 
calculations given below, and the plot [6 ] shown in Figure 2.3.
D
d
D
d
r
d
r
1
0.250 in 
0.156 in
1.60
0.0468 in 
0 .156 in
0.3
Where, D = gage diameter, 
d = notch diameter
r = radius o f curvature at the root o f the notch
(Equation 2.1)
(Equation 2.2)
1 1
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Figure 2.3 Stress Concentration Factors for Grooved Shafts
For SCC testing at constant- load (CL), both smooth and notched specimen 
configurations, shown in Figure 2.1 and 2.2 were used. However, for SCC testing using 
the slow-strain-rate (SSR) technique, these types o f specimens could not be tested due to 
the much longer failure time and a maximum limit o f 7,500 lbs o f the SSR load cell. 
Accordingly, the smooth cylindrical specimen was modified to reduce both the gage 
length and gage diameter while keeping the 1/d ratio still at 4. The configuration o f the 
modified smooth cylindrical specimen use in the SSR testing is shown in Figure 2.4.
12
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Figure 2.4 Configuration o f the Modified Smooth Cylindrical Specimen
The specimens for localized corrosion studies were also machined from the as- 
received bar materials according to the ASTM designation G 5 [6 ]. Since the corrosion 
properties o f all engineering materials depend on the surface finish o f the test specimens, 
the polarization specimens were properly polished prior to their testing. The schematic 
view o f the small cylindrical polarization specimen is shown in Figure 2.5.
13
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Figure 2.5 Configuration o f the Polarization Specimen
Attempts were also made to determine the weight loss o f coupons made o f Waspaloy 
in a 150°C aqueous solution containing sulfuric acid. The coupons were machined from 
the as-received plate materials. A circular hole o f 0.25 in. diameter was machined near 
the top edge o f the coupon (figure 2 .6 ) to insert a glass rod having grooves to hold it in a 
glass sample holder while immersing it in the solution contained in an autoclave.
14
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
0.750
Figure 2.6 Configuration o f the Coupon
2.3. Test Environments
As indicated earlier, a thermochemical process known as the S-I cycle is the leading 
process to generate hydrogen using a nuclear power source. Therefore, SCC testing using 
CL and SSR techniques was performed in an aqueous solution, containing sodium -iodide 
(10 grams /liter) and sulfuric acid. Sulfuric acid was added to the test solution to adjust 
the pH at approximately 1.0. Subsequently, an acidic solution containing sulfuric acid 
alone was used in immersion testing using coupons contained in an autoclave at an 
elevated temperature.
15
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CHAPTER 3
EXPERIMENTAL PROCEDURES 
Since this investigation is focused on the characterization o f the high-temperature 
tensile properties, and evaluation o f  the corrosion behavior o f Waspaloy, extensive 
efforts have been made to address both the metallurgical and environmental aspects. The 
detailed experimental procedures related to both the metallurgical and corrosion 
characterization is given in the following subsections.
3.1. Tensile Properties Evaluation
As discussed earlier in this thesis, the structural materials for heat exchanger must 
possess significantly high tensile strength and enhanced ductility at elevated 
temperatures. Therefore, the tensile properties o f Waspaloy were determined at ambient 
temperature, 450 and 600°C using commercially available testing equipment at a strain 
rate o f 3x10'^ /sec according to the ASTM designation E 8  [5]. The tensile properties 
determined by this technique include the ultimate tensile strength (UTS), yield strength 
(YS) and ductility parameters such as percent elongation (%E1) and percent reduction in 
area (%RA). The average values o f  all four parameters were determined based on 
duplicate tests performed under identical experimental condition. The experimental setup 
used in tensile testing is illustrated in Figure 3.1.
16
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IFigure 3.1 Tensile Testing Setup
Stress Corrosion Cracking Test
The susceptibility o f Waspaloy to stress corrosion cracking (SCC) was determined in 
a simulated environment containing H2SO4 and Nal (Acidic Solution) at ambient and 
elevated temperatures. Both smooth and notched cylindrical specimens were tested under 
constant-load (CL) and slow-strain-rate (SSR) conditions. The SCC testing techniques 
are described below.
17
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3.2 Constant-Load Testing
One of the most common and basic methods utilized in the SCC testing is the use of a 
constant applied tensile load that can act as a driving force for SCC to occur. The 
cylindrical specimens were employed to load them at different levels according to the 
ASTM Designation G-49 [7].
A loading device such as a calibrated proof ring was used for testing. The proof ring 
(shown in the Figure 3.3) fabricated from precision-machined alloy steel was designed to 
precisely determine the SCC susceptibility o f the test material to meet the requirements 
o f the National Association o f Corrosion Engineers (NACE) Standards [8 ]. The 
calibration curve (load versus deflection) for each proof ring was provided by the 
manufacturer, which was used to determine the load needed to deflect the ring to the 
desired value. A typical calibration curve for a proof ring is shown in Figure 3.2.
7000
8000
5000
0.12 0.14O.OB 0 *0.04 0.10
Deflection ( in . )
Figure 3.2 A Typical Calibration Curve for the Proof Ring
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Micrometers with the dial indicator were used to measure the ring deflection. The 
operation o f the proof ring was based on the ability to transfer the load o f a deflected 
proof ring to a cylindrical specimen to obtain a sustained loading. A thrust bearing was 
employed to distribute the load and prevent seizure. A test cell made o f Hastelloy C-276 
was used to load the test specimen in the testing environment. The CL experimental setup 
is shown in Figure 3.3.
'  ;
A - Dial Indicator 
B - Proof Ring 
C - Test Chamber 
D - Test Specimen
Figure 3.3 Constant-Load Test Setup
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The magnitude o f the applied load was based on the ambient-temperature tensile YS 
o f the test material. The applied load (P) was calculated by using the following equation:
P = s x A  (Equation 3.1)
Where,
A = Cross-sectional area at the gage seetion (sq.in) 
s = YS based on the engineering stress-strain diagram (ksi)
The determination o f the cracking tendency using this method was based on the time- 
to-failure (TTF) for the maximum test duration o f 30 days [9]. The cracking susceptibility 
at constant load was expressed in terms o f a threshold stress/load (oth/Lth) for a particular 
test condition, below which failure did not occur during the maximum test period o f 30 
days.
3.3 Slow-Strain-Rate Testing
The slow-strain-rate (SSR) testing, also known as the constant extension rate testing 
(CERT), is a dynamic SCC evaluation technique. During the SSR testing, the specimen 
was continuously strained in tension until fracture, according to the ASTM Designation 
G 129 [10], in contrast to more conventional SCC testing conducted under a sustained 
loading condition.
The primary advantage o f the SSR testing technique is that it allows the evaluation o f 
the effect o f  metallurgical variables such as alloy composition, heat treatment, and 
microstructure, and/or environmental parameters, in a relatively short period. The SSR 
testing used in this study had a load capacity o f  7,500 pounds with linear extension rates 
ranging from 10'^ to 10"* in/sec. To ensure the maximum accuracy in the test results, this
20
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apparatus was comprised o f a heavy duty load-frame that minimized the system 
compliance while maintaining precise axial alignment of the load train. An all-gear drive 
system provided consistent extension rate. Added features included a quick-hand wheel 
to apply a pre-load prior to the operation
The experimental setup for SCC testing using the SSR method is shown in Figure 3.4. 
A linear variable displacement transducer (LVDT) was used to monitor the displacement 
o f the gage section o f the specimen during straining.
A-LVDT
B- Top Actuator 
C- Environmental Chamber 
D- Bottom Actuator
Figure 3.4 Slow-Strain-Rate Test Setup
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A strain rate o f 3.3x10'^ s ' was used to optimize the effect o f applied stress and the 
environment during the SSR testing [11] [12]. Since the CERT equipment had a 
maximum load bearing capability o f 7,500 lbs, the eracking susceptibility o f Waspaloy 
determined by the SSR technique was based on a modified specimen design having 
smaller gage length and diameter (d) while maintaining the 1/d ratio o f 4, as indicated 
earlier. The eracking susceptibility determined by this technique was expressed in terms 
o f % El, %RA, TTF, and the true failure stress (of). The magnitudes o f %E1, %RA, and Of 
were ealculated using following equations.
% El : X 100 (Equation 3.2)
%RA xlOO (Equation 3.3)
<y r =f A,
(Equation 3.4)
A. = ;rxD .. (Equation 3.5)
A ,  =
t t x D f
(Equation 3.6)
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Where,
Ao = Initial cross sectional area
Af = Cross seetional area at failure
Pf= Failure load
Of = True Failure Stress
Lo= Initial length
Lf= Final length
Do= Initial diameter
Df= Final diameter
Localized Corrosion
The structural materials used in numerous engineering applications may become 
susceptible to an insidious form o f degradation, which is characterized by localized attack 
on their surfaces due to electrochemical reactions between them and the surrounding 
environment. Pitting and crevice corrosion are the classical examples o f this type o f 
attack. Since, W aspaloy will be subjected to hostile environments during hydrogen 
generation, the susceptibility o f this alloy to localized attack was determined in a 
simulated acidic solution at ambient temperature and 90°iC using an electrochemical 
technique.
3.4 Cyclic Potentiodynamic Polarization Testing
Electroehemistry plays an important role in understanding the corrosion mechanism
of a specific material/environment combination. Under normal circumstances, a material
can maintain an equilibrium condition while exposed to an aqueous environment. This
equilibrium condition prevails due to the balancing o f both anodic (oxidation) and
23
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cathodic (reduction) reactions, which however can he disturbed by applying external 
potential/current. Such phenomenon resulting in a non-equilibrium electrochemical 
condition is termed polarization, and is commonly described as an overvoltage (q) which 
is a measure o f polarized potential with respect to the corrosion or open circuit potential 
(Ecorr). The magnitude o f overvoltage can be either positive or negative depending on the 
controlled or polarized electrochemical potential for a material o f interest. Overvoltage 
can be given by Equation 3.7 [13]. The magnitude o f q is positive for an anodic 
polarization while a negative q signifies a cathodic polarization.
Overvoltage, q  = Ep - Ecorr (Equation 3.7)
Where,
Ep = Polarized potential 
Ecorr = Corrosion potential
During the cyclic potentiodynamic polarization (CPP) testing hoth anodic and 
cathodic polarization can be performed in a cyclic manner. This method is often used to 
evaluate the susceptibility o f a material to pitting corrosion, which is usually 
characterized by a change in slope during the forward potential scan at a potential known 
as critical pitting potential (Epu). At this potential, the material undergoes localized 
breakdown o f protective surface film causing initiation o f pits. Materials, which are 
capable o f repassivation by formation o f protective film during the reverse potential scan, 
are characterized by the development o f a repassivation/protection potential (Eprot). 
Larger the difference between Epit and Eprot, the greater is the resistance of the material to 
localized attack, particularly, the pitting corrosion.
24
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The susceptibility o f Waspaloy to localized corrosion was determined by the CPP 
method in the acidic solution at 30 and 90°C using a Gamry potentiostat. The 
experimental setup is shown in Figure 3.5. A potentiostat is an electronic device that can 
control the potential between the working and reference electrode at a preset value. It also 
allows the necessary current to flow between the anode (working electrode) and cathode 
(counter electrodes) to maintain the desired potential within its compliance limit. The 
Gamry potentiostat, used in the CPP testing was calibrated according to the ASTM 
designation G 5 [6 ] prior to the polarization experiment. A characteristic polarization 
diagram, shown in Figure 3.6, was generated in 1 N  H2SO4 solution at 30°C, at a potential 
scan rate o f 0.17 mV/sec, using a ferritic type 430 stainless steel (SS) specimen. If  the 
calibration curve showed a similar shape and a comparable Ecorr value, the Gamry 
potentiostat was construed to he functioning accurately during polarization experiments. 
Calibration tests were performed once every 20 CPP experiments involving different 
materials.
kfffifoc* Elecvt
'
Figure 3.5 CPP Test Setup 
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CURREhfT OGNSITY
Figure 3.6 Standard ASTM G 5 Potentiodynamic Polarization Curve
The three-electrode-polarization system used in the CPP experiment consisted o f the 
test specimen as an anode, two graphite rods as cathodes and silver/silver chloride 
(Ag/AgCl) as the reference electrode. This reference electrode was contained in a Luggin 
probe placed within 2-3 mm from the center o f the specimen that also acted as a salt 
bridge, as shown in Figure 3.7.
An initial delay time of 30 minutes was given before performing the forward and 
reverse scans, to attain a stable Ecorr value. The Ecorr value o f Waspaloy in the test solution 
was then determined with respect to the Ag/AgCl reference electrode, followed by 
forward and reverse potential scans at the ASTM  specified rate o f 0.17 m V/see[6 ]. The 
magnitudes o f the Epit and Eprot, if  any, were obtained from the CPP diagram.
26
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Figure 3.7 Luggin Probe Arrangement
3.5 SCC Testing under Controlled Potential
The eraeking susceptibility o f W aspaloy was also determined in a similar 
environment under anodic and cathodic controlled potential (Econt) using the SSR 
technique. The magnitude o f Econt in the cathodic potentiostatic experiments was based on 
the Ecorr value determined in a similar environment by the CPP technique. On the 
contrary, the Econt value in the anodic potentiostatic testing was based on the Ep^t value 
determined in the acidic solution. The cylindrical specimens used in the (Econt) testing 
were spot-welded with a conductive wire for electron flow under a potentiostatic control. 
The conductive metallic wire was coated with lacquer to prevent its contact with the test 
solution during straining o f the specimen. The resultant current was plotted as a function 
o f time during this potentiostatic polarization experiments. The engineering stress (s) vs 
engineering strain (e) diagrams were developed as a function o f Econt in a similar 
environment. A pictoral view o f the spot-welded specimen and the Econt test setup are 
shown in Figures 3.8 and 3.9, respectively.
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Figure 3.8 Spot-Welded Tensile Specimen
Graphite - counter 
electrode
Luggai probe 
containing a 
reference
Test 
chamber
Tensile specimen
(wofkins
electrode’
Figure 3.9 Controlled Potential SCC Test Setup
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3.6 Corrosion Testing in Autoclave
Attempts were made to determine the weight-loss o f test coupons in a 150°C aqueous 
solution containing sulfuric acid. The test setup is shown in Figure 3.10. Duplicate 
coupons were exposed to the test solution for periods o f 7, 14 and 28 days. The weights 
o f the coupons before and after testing were measured, and weight loss was calculated as 
a function o f exposure period. The eorrosion rate o f Waspaloy was subsequently 
determined in terms o f mils per year (mpy) according to Equation 3.8 [14]. Upon 
completion o f exposure, the coupons were visually examined followed by microscopic 
examination to characterize the extent o f corrosion damage.
Figure 3.10 Autoclave Test Setup
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?m ‘ = ----------
(Equation 3.8)
Where, W = weight loss in mg
D = density in gm/cm^ (for W aspaloy, D= 8.18) 
A= area in sq.in.
T = time o f immersion in hours
Surface Analyses
The microstructure places an important role in differentiating properties o f one alloy 
versus another. Thus, the evaluation o f metallurgical microstructure o f an alloy 
constitutes a significant step in characterizing the performance o f this material. In view o f 
this rationale, it is a custom to evaluate the metallurgical microstructure hy optical 
microscopy.
A significant emphasis was placed in this project to characterize the metallurgical 
microstructure and fractography o f W aspaloy using optical microscopy and SEM, 
respectively. The detailed procedures are discussed next in this section.
3.7 Optical Microscopy
It is very important to ensure that sample preparation is carried out with care to 
produce high quality micrographs. The sample was mounted using the right ratio o f 
epoxy and hardener. The mounted specimens were ground with rotating discs containing 
the abrasive papers. The grinding procedure involved several stages using a finer paper 
each time. The sample was oriented perpendicular to the previous scratches after every 
step. The polished sample was then washed with deionized water to prevent any 
contamination and dried with ethanol. Finally, etching was done using Glyeeregia which
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is a common etchant for nickel-based alloys. Glyeeregia contained 15 mL o f HCl, 10 mL 
o f glycerol, 5mL o f nitric acid [15]. A Leica microscope, shown in Figure 3.11, was used 
to evaluate the microstructure.
Figure 3.11 Leica Optical Microscope
3.8 Scanning Electron Microscopy
The extent and morphology o f failure in the tested specimens were determined by 
scanning electron microscope (SEM). The failures can be either ductile or brittle, which 
can be identified by the nature o f the resultant SEM micrographs. The test specimens 
were sectioned into to 3/4 o f  an inch in length to accommodate them in the vacuum 
chamber of the SEM.
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In a SEM, electrons from a metal filament are collected and focused into a narrow 
beam. Electrons scattered from the subject are detected and create a current, the strength 
o f which makes the spot on the computer brighter or darker. This creates a photographic 
image with an exceptional depth o f field. Normally, SEM provides black and white 
micrographs. A JEOL-5600 scanning electron microscope, shown in Figure 3.12, capable 
o f resolution o f up to 50 nm at magnifications o f  100,000 times, was used in this 
investigation.
B  à  "
Figure 3.12 Scanning Electron Microscope
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CHAPTER 4
RESULTS
As indicated in the preceding chapters, this investigation was focused on evaluating 
both the metallurgical and corrosion behavior o f a candidate structural material, namely 
Waspaloy for application in hydrogen generation using nuclear power. The results o f 
metallurgical characterization ineluding microstructural and tensile properties evaluations 
have been discussed below followed by the presentation o f corrosion data.
4.1 Metallurgical Data
Waspaloy was tested in as-received condition. The mierostructural evaluation by 
optical microscopy is shown in Figure 4.1, illustrating the conventional metallurgical 
microstructure expected for a nickel-based Waspaloy [16].
Figure 4.1 Optical Micrograph o f Waspaloy, Glyeeregia, 20X
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4.2 Tensile Properties Evaluation
The results o f tensile testing performed on Waspaloy at ambient temperature, 450 and 
600°C are shown in Figure 4.2 in the form o f an engineering stress vs. engineering strain 
(s-e) diagram as a function o f the testing temperatures. An evaluation of these diagrams 
clearly indicates that the failure strain (er) was slightly enhanced at 450°C followed by a 
slight reduction at 600°C. The magnitude o f Cf was somewhat lower at ambient 
temperature, as illustrated in Figure 4.2. The relatively reduced failure strain at 600°C can 
be attributed to the dynamic strain ageing effect as noted by other investigators [17] on 
structural materials. It is interesting to note that the enhanced ductility for Waspaloy in 
terms o f Cf may be the result o f increased plastic deformation due to the presence of 
randomly oriented multiple slip planes [18] associated with the presence o f high nickel 
content in this alloy.
2 0 0 0 0 0
RT
mi20000
to 1 000 0 0
goooo
Waspaloy, Heat No: GH55 
SolutioH-Aiinealed
2 0 0 0 0
0 . 0 0 . 1 s tra in  ° " 0.5
Figure 4.2 Stress-Strain Diagram vs. Temperature
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The data shown in Figure 4.2 are reproduced in Table 4.1 showing the magnitude of 
YS, UTS and %F1. An evaluation o f this table clearly indicates that the magnitude o f 
both YS and UTS was reduced with increasing temperature, as expected. While both 
these parameters were reduced at 450°C compared to those o f ambient temperature, a 
very little or no reduction was seen in these parameters at 600°C. These data clearly 
indicate that the resistance o f Waspaloy to plastic deformation can be retained even at 
temperatures in the vicinity o f 600°C. While evaluations o f tensile properties at 
temperatures beyond 600°C are yet to be conducted, it can be stated that based on the 
currently available data Waspaloy may be capable of maintaining its structural integrity 
even at temperatures above 600°C. Moreover, a temperature o f 600°C is close to the 
operating temperatures (800°C) for the sulfuric acid decomposition process to be seen in 
the S-I cycle. These data may suggest that W aspaloy could be a suitable structural 
material for heat-exchanger applications.
Table 4.1 Comparisons o f Tensile Properties at Different Temperatures
Average YS, MPa Average UTS, MPa Average %F1
Test Temperature Test Temperature Test Temperature
RT
ksi
(MPa)
450“C
ksi
(MPa)
600°C
ksi
(MPa)
RT
ksi
(MPa)
450°C
ksi
(MPa)
6 0 0 T
ksi
(MPa)
RT 450°C 600°C
99.2
(691)
86.9
(615)
86.3
(579)
177.8
(1157)
149.4
1005
146
(989) 49 48 42
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4.3 SCC Testing at Constant-Load
SCC testing involving Waspaloy were performed at a 90°C using the current testing 
facilities at the Materials Performance Laboratory (MPL). The environment used for the 
SCC testing at constant-load (CL) contained sulfuric acid and sodium iodide. The results 
o f duplicate SCC testing involving both smooth and notched cylindrical specimens o f 
W aspaloy at CL, shown in Table 4.2, indicate that no failures were observed in a 30-day 
test even at an applied stress corresponding to 95% o f the YS value o f Waspaloy. Thus, it 
can be concluded that the threshold stress (oth) value for SCC o f this alloy may lie in the 
vicinity o f 0.95YS.
The effect o f stress concentration on the cracking susceptibility o f Waspaloy at CL 
was determined by performing SCC tests using notched cylindrical specimens in a similar 
solution. The results indicate that no failures were observed at applied load corresponding 
to 60% of the yielding load (YL) o f Waspaloy for the notched specimens. The notched 
specimens could not be loaded above this value since they underwent plastic deformation 
causing failure while being loaded in tension. Thus, the notch specimens showed a 
threshold load (Lth) value o f 0.6YL when tested in the acidic solution.
Table 4.2 Constant-Load SCC Test Results
Specimen Type environment, pH, 
Temperature (°C)
Applied Stress / 
Stress, MPa
Time to Failure
Smooth Tensile
Aqueous solution 
containing 
H2S04 + NaI (S-I) 
pH =l, 90°C
95 % YS / 656.3 No Failure
Notched Tensile 50 % YS / 774.4 No Failure
Notched Tensile 60 % YS / 929.3 No Failure
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4.4 Results o f SSR Testing
The data obtained from SCC testing involving smooth and notched cylindrical 
specimens o f  Waspaloy performed under a slow-strain-rate (SSR) condition are shown in 
Figures 4.3 and 4.4, respectively. These Figures illustrate the s-e diagrams superimposed 
as a function o f the testing temperature in a similar environment containing sulfuric acid 
and sodium iodide. As mentioned in a chapter two o f this thesis, SSR testing was 
performed using modified cylindrical specimens with reduced gage length and diameter 
to accommodate the load-bearing capability o f 7,500 lbs and significant elongation 
during straining at the desired rate.
A ir
3 0 ' C  SI
OOOG -
9 O X  SI
Waspaloy, Smooth 
SSR Testing
S t r a i n
Figure 4.3 Comparison o f s-e Diagrams Air vs. Temperature
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Figure 4.4 Comparisons o f s-e Diagrams vs. Temperature
An examination o f Figures 4.3 and 4.4 indicates that the failure strain in the presence 
o f a notch was substantially reduced irrespective o f the testing environment and 
temperature. Nevertheless the failure stress was reduced to some extent with both smooth 
and notched specimens in the presence o f the acidic solution at 90°C.
The SSR data shown in Figures 4.3 and 4.4 are reproduced in Table 4.3 showing the 
magnitude o f TTF, Of and % El as a function o f the testing temperature and specimen 
configuration. These data indicate that the magnitude o f  Of was reduced by appreciable 
amount for both types o f specimens, even though very little changes in %E1 and TTF 
were experienced by them. In view o f these results, it can be concluded that while the 
ductility for W aspaloy was not influenced by the changes in environment and 
temperature, the magnitude o f Of was influenced by the synergetic effect o f both the 
testing environment and temperature using both specimen configurations.
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Table 4.3 SSR Test Results
Environment/ 
Specimen Type
Temperature
( T )
%E1 O f
ksi (MPa)
TTF
hours
Air/ Smooth Tensile RT 19 131 (903) 17.5
S-1/ Smooth Tensile RT 19 126(869) 17.6
S-I/ Smooth Tensile 90 18 114(786) 14.7
S-I/Notch Tensile RT 2.7 176(1213) 5.1
S-I/ Notch Tensile 90 2.5 162(1116) 4.7
4.5 CPP Test Results
The results o f localized corrosion study using the CPP method in the 30 and 90°C 
acidic solution are shown in Figures 4.5 and 4.6, respectively. These data indicate that 
Waspaloy did not exhibit any positive hysteresis loop even though an active to passive 
transition was observed at both temperatures. Instead during the reverse potential scan, 
the polarization diagram moved backward indicating the formation o f passive oxide films 
due to the generation o f oxygen at higher current densities, thus reducing the general 
dissolution rate. A similar type o f CPP diagram has been noticed elsewhere [19] for 
active to passive metals and alloys in the presence o f aggressive chemical species. Since, 
the CPP diagram did not exhibit any positive hysteresis loop during the reverse potential 
scan, the magnitude protection potential (Eprot) could not be determined from these CPP 
tests.
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Figure 4.5 CPP Diagram in Room Temperature S-I Solution
Figure 4.6 CPP Diagram in 90°C S-I Solution
The magnitudes o f the corrosion potential (Ecorr) and the pitting potential (Epit) based 
on duplicate testing in 30 and 90°C acidic solution are shown in Table 4.4. These data 
indicate that both parameters became more active (negative) at 90°C, showing a trend
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which is consistent with the observations made by other researchers [20]. The variations 
o f Ecorr and Epit with temperature are shown in Figures 4.7 and 4.8, respectively. The 
surface o f the polarized specimens showed no signs o f pitting or crevice corrosion when 
visually examined with magnifying lens.
Table 4.4 CPP Test Results
Room Temperature 90°C
Ecorr (mV) 
(Average)
Epit (mV) 
(Average)
Ecorr (mV)
(Average)
Epit (mV) 
(Average)
281 622 222 564
300
ra
200 -
Average Values
100
60
Tem perature
90 120
Figure 4.7 Ecorr vs. Temperature
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Figure 4.8 Epi# vs. Temperature
4.6 Slow-Strain-Rate Testing under Controlled Potential
The materials susceptible to SCC may be influenced by the external potential or 
current during straining under different loading conditions [21][22][23]. In view o f this 
rationale, the susceptibility o f Waspaloy to SCC was determined under both cathodic and 
anodic applied potentials. The selection of the applied potentials was based on either Ecorr 
or Epit determined in a similar environment by the CP? testing technique. SCC testing 
under cathodic Ecom was performed by SSR technique at potential more active (negative) 
to the Ecorr value. On the contrary, the SSR testing under anodic Econt was performed at 
potentials more noble (positive) to the Epü value. The results obtained from these tests are 
discussed in the following two subsections.
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4.6.1 SCC Testing under Cathodic Econt
The results o f SSR testing involving smooth cylindrical specimens, with and without 
cathodic Econt, are shown in Figure 4.9 in the form o f s-e diagram. Econt values 
corresponding to -100 and -300 mV with respect to the Ecorr value were applied to these 
specimens in these tests. An examination o f these diagrams indicates that the failure 
stress was reduced when the specimen was strained under a more active Econt value. 
Simultaneously, the failure strain was reduced at a more active Econt value. The 
magnitudes o f %E1, TTF and true failure stress (of) obtained from these s-e diagrams and 
the specimen dimensions are shown in Table 4-5. An evaluation o f these data indicates 
that the TTF and the terms of % El were not significantly influenced by the application o f 
cathodic Econt values during straining o f the specimens. However, the magnitude o f Of 
was reduced appreciably at more negative Econt value (-78mV, Ag/AgCl). The variations 
o f these parameters with the Econt values are illustrated in Figure 4.10 (a-c).
a  
55
4-122 mV (Ag AgCI)
- 'S  niV (Ae  AgCl)
Waspaloy, Solution-Aonealed 
SSR Testing, 90'''C S-I Solution
:00'
4 4
Stra in
Figure 4.9 s-e Diagram with and without Cathodic Econt
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Table 4-5 Results of SSR Testing with and without Cathodic Egcont
Environment
Ecotr, mV 
(Ag/AgCl)
Econt, mV
(Ag/AgCl)
%E1 Of(ksi)
TTF
(hours)
90°C, S-I 222
None 18 114 14.7
Cathodic, +122 17.2 1 1 2 13.9
Cathodic, -78 16.8 1 0 1 13.4
18.2
17,
17.6
5  17.4
. — i- 1 
• C - S Î I Î  —  ‘
17,2
16.8
16 6
(a) %E1 vs. E,cont
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(c) Of vs. Econt 
Figure 4.10 Variation o f % E1, TTF and Of vs. Econt
45
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.6.2 SCC Testing under Anodic Ecom
The cracking susceptibility o f W aspaloy in the acidic solution under Ecom values 
corresponding to +200 and +300mV relative to the Epit value is shown in Figure 4.11. An 
evaluation o f the s-e diagrams, shown in this figure, indicates that both the failure stress 
and strain were gradually reduced with more noble Econt values. Once again, the 
detrimental effect o f anodic Econt on the cracking susceptibility is demonstrated in this 
figure. The magnitudes o f % El, TTF and Of obtained from this testing are given in Table 
4-6. It is interesting to note that the cracking tendency o f W aspaloy in terms o f Of, was 
more pronounced under anodic Econt, as shown in Table 4-6.
+ 764 mV (Ag.AgCt
Cl
W aspaloy, Solution-Annealed 
SSR 90"C S-I Solution
4 0 4 C ,24
Strain
Figure 4.11 s-e Diagram with and without Anodic E,cont
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Table 4-6 Results of SSR Testing with and without Anodic E,cont
Environment Econt, mV 
(Ag/AgCl)
Econt, mV 
(Ag/AgCl)
%E1 Of(ksi) TTF
(hours)
9 0 T , S-I 564
None 18 114 14.7
Anodic, + 764 17.7 97 14.3
Anodic, + 864 16.4 91 13.1
4.7 Results o f Autoclave Testing:
The results o f corrosion testing involving Waspaloy coupons in the autoclave 
containing an acidic solution at 150°C are shown in the Table 4.7. The weight loss of 
duplicate coupons as a function o f test duration is shown in this table. As expected, the 
magnitude o f weight loss was increased at longer exposure periods. However, it is 
interesting to note that the rate o f increase in weight loss was reduced at longer 
immersion period showing a non-linear weight-loss (w) as a function o f the exposure 
time (t). The variation in w with t is shown in Figure 4.12. The gradual drop in the rate of 
weight loss with time can be attributed to the formation o f thicker protective film on the 
surface of W aspaloy with increased exposure time.
47
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 4-7 Results of Autoclave Testing
M ateri al/Environment/ 
Temperature
Area
(sq.in.)
Exposure
Time
(hrs)
Initial
Weight
(mg)
W eight
loss
(mg)
Corrosion
rate
(mpy)
Waspaloy Sample # 3, 
(H2SO4 + H2O) p H = l ,  
150°C
2 2 9 4
168
14977.9
172.2 29.16
336 26A9 2243
672 385.8 1633
Waspaloy Sample # 4, 
(H2SO4 + H 2O) p H = l ,  
150°C
2280
168
14771.1
180.4 30.74
336 276.6 2257
672 299.1 12.74
450
400  -
350 -
& 300 -
m 250 -
200 -
£ 150 -
100 -
50 -
0 -
Waspaloy #  :
Waspaloy # 4
200 400 600
T im e fttrs.}
300
Figure 4.12 weight-losses as a function o f the exposure time
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4.8 Fractographic Evaluations
The characteristics o f failure at the primary fracture surface o f both the tensile and the 
SCC specimens were determined by SEM. The SEM micrographs of the cylindrical 
specimens tested at ambient and 600“C are shown in Figure 4.13 (a-b). These 
micrographs are characterized by dimples, indicating ductile failure irrespective o f the 
testing temperature. An evaluation o f the primary fracture surface o f smooth specimens 
used in SSR testing, revealed dimpled microstructures, as shown in Figures 4.14 (a-d). 
Thus, it is obvious that irrespective o f the testing method, the failure of Waspaloy will 
predominantly be ductile in nature. These results suggests that Waspaloy may be an ideal 
heat-exchanger structural material by virtue o f its superior corrosion resistance and 
enhanced metallurgical stability.
(a) Ambient Temperature, lOOX
*1 .:,
% '*i
(b) 600°C, 600X
Figure 4.13 SEM Micrographs o f Tensile Specimens used in Tensile Testing
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(a) 30'C. S-I soluticm. lOOX (b) 3 0 'C. S-I solution. 50OX
0
90=C. S-I solution. lOOX
-  #
(d) 90’' G, S-I solution, 500X
Figure 4.14 SEM Micrographs o f Tensile Specimens used in SSR Testing
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CHAPTER 5 
DISCUSSIONS
The preceding chapter showed the overall data based on the utilization o f numerous 
state-of-the-art experimental techniques to characterize the metallurgical and corrosion 
behavior o f Waspaloy. The evaluation o f the metallurgical microstructure by optical 
microscopy revealed a characteristic pattern, typical o f a Ni-based alloy. As to the tensile 
properties o f this alloy, both the YS and UTS were reduced with increasing temperature 
from ambient to 600°C. However, the magnitude o f YS and UTS was not significantly 
influenced in the temperature regime o f 450 to 600°C. This data clearly suggest that 
W aspaloy will be capable in this temperature range without causing any drop in strength 
while maintaining significant ductility in terms o f elongation. It is anticipated that this 
material may be capable o f maintaining reasonable high structural stability at temperature 
above 600°C.
SCC studies performed under constant load indicate that this material may not 
undergo environment-induced cracking in an aqueous solution relevant to the S-1 cycle at 
temperatures up to 90°C. A threshold stress (cjth) value o f 0.95 YS was achieved in these 
tests, the presence o f a notch, however, enhanced the cracking susceptibility by showing 
a threshold load for cracking (Lth) at 60% o f the yielding load, which is appreciably high 
for a nickel-base material in the presence o f  an acidic testing under a slow-strain-rate 
condition involving both smooth and notched cylindrical specimens indicate that the
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cracking susceptibility was enhanced at elevated temperature, showing reduced failure 
strain (ef) and true failure stress (of). It is, however, interesting to note that the TTF and 
%E1 were not significantly influenced by the variation in temperature. Further, the 
magnitude o f %E1 and TTF was not varied substantially since the cracking susceptibility 
was enhanced due to the stress concentration factor associated with the presence o f a 
notch.
The results o f localized corrosion study using the cyclic potentiodynamic polarization 
(CPP) technique indicate that Waspaloy was immune to localized attack such as pitting 
and crevice corrosion. The magnitude o f the corrosion potential (Ecorr) and critical pitting 
potential (Epit) became more active (negative) at the elevated temperature. A similar 
observation has been made by other researchers on structural materials. Since, the 
structural materials may be influenced by electrochemical potential developed during 
their exposure in an aqueous solution; the cracking susceptibility o f Waspaloy was 
determined by applying controlled potential to the test specimens during straining o f the 
specimens under a SSR condition. The results o f SCC study under controlled anodic and 
cathodic applied potentials indicate that the magnitude o f TTF and %E1 was not 
significantly changed under controlled potentials. However, the variation o f Of was more 
pronounced under anodic controlled potential compared to that under cathodic applied 
potential this data may indicate that Waspaloy may undergo environment induced 
cracking in an acidic solution primarily due to the dissolution o f the surface film resulting 
from anodic applied potential.
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Since SCC testing under constant-load and SSR condition could not be performed at 
temperatures above 90°C, corrosion studies involving Waspaloy coupons was performed 
in an autoclave in the presence o f  an acidic solution (without any iodine) at 150°C. The 
results indicate that the rate in weight change with time was gradually reduced due to the 
variation o f exposure period from 7 to 14 to 28 days. It is interesting to note that 
W aspaloy did not suffer from localized attack due to its exposure in a corrosive 
environment even at a temperature o f 150°C. The reduced rate o f weight loss with longer 
duration can be attributed to the formation of a thicker surface film to prevent dissolution.
The fractographic evaluation o f the primary fracture surface o f cylindrical specimens 
used in both tensile and SCC testing revealed the presence o f dimpled microstructure 
indicating ductile failures. Further, the examination o f the polarized specimens by optical 
microscopy did not exhibit any pits or crevices irrespective o f the testing temperature.
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CHAPTER 6
SUMMARY AND CONCLUSIONS 
This investigation was focused on the metallurgical and corrosion characterization 
o f Waspaloy for prospective application as a structural material in heat-exchangers for 
nuclear hydrogen generation. The metallurgical microstructure o f solution-annealed 
Waspaloy was determined by optical microscopy. The tensile properties were determined 
at ambient temperature, 450°C and 600°C. The susceptibility o f Waspaloy to SCC was 
determined in an acidic solution by constant-load (CL) and slow-strain-rate (SSR) testing 
techniques. Cyclic Potentiodynamic Polarization (CPP) technique was used to evaluate 
the localized corrosion behavior. The effect o f controlled potential on SCC was studied 
by applying anodic and cathodic potential to the test specimens. The general and 
localized corrosion behavior o f Waspaloy at 150“C was determined using an autoclave 
containing an acidic solution. Fractographic evaluations o f the broken specimens were 
performed by scanning electron microscopy (SEM). The significant conclusions drawn 
from this study are given below.
• The tensile data indicate that Waspaloy is capable o f maintaining appreciably 
high tensile strength even in the temperature regime o f 450 to 600°C. The 
ductility in terms o f %E1 was enhanced at elevated temperatures. The 
enhanced ductility may be attributed to increased plasticity at elevated
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temperatures and the presence o f numerous randomly oriented slip planes 
associated with the nickel-based alloy.
• No failures were observed in specimens at constant-load when specimens 
were tested in a 90°C acidic environment at 0.95YS and 0.60YL using smooth 
and notched specimens, respectively.
• The true failure stress (of) for smooth specimens tested under a SSR condition 
was reduced by an appreciable amount at 90“C. However, the magnitude of 
%E1, %RA and TTF was not significantly influenced by the variation in the 
testing temperature.
• The susceptibility o f Waspaloy to SCC was more pronounced with the 
notched specimens in SSR tests due to the stress concentration effect.
•  Both Ecorr and Epit, determined by the CPP technique, became more noble with 
the increasing temperature.
• The application o f anodic and cathodic potentials during straining o f the 
specimens resulted in enhanced cracking susceptibility in terms o f the 
ductility parameters, TTF and Of, which were all reduced due to the applied 
potentials.
•  Fractographic evaluations by SEM revealed dimpled microstructures at the 
primary fracture surface, indicating ductile failures.
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CHAPTER 7
SUGGESTED FUTURE WORK
• Evaluation o f tensile properties at temperatures beyond 600“C.
• Evaluation o f stress corrosion cracking and general/localized corrosion 
susceptibility at temperatures up to 500°C using C-ring, U-bend, DCB, and 
coupons, respectively
• Evaluation o f fracture toughness (Kic) and crack growth rate
•  Characterization o f defects and dislocations in tensile specimens by transmission 
electron microscopy
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APPENDIX A 
MTS DATA
A T Stress-Strain Diagrams using Smooth Specimens Tested at Room Temperature 
(Conversion factor 1 ksi = 6.8948 Mpa can be used wherever applicable)
Sample 1
s t r a i n
Sample 2 
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A2. Stress-Strain Diagrams using Smooth Specimens Tested at 450°C
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A3. Stress-Strain Diagrams using Smooth Specimens Tested at 600°C
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APPENDIX B
SSR DATA
B l. Stress-Strain Diagrams in Air using Smooth Specimens
(Conversion factor 1 ksi = 6.8948 Mpa can be used wherever applicable)
strain
Sample 1
strain
Sample 2
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B2. Stress-Strain Diagrams in acidic solution at Room Temperature using Smooth
Specimens
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B3. Stress-Strain Diagrams in acidic solution at 90°C using Smooth Specimens
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B4. Stress-Strain Diagrams in acidic solution at Room Temperature using Notch
Specimens
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B5. Stress-Strain Diagrams in acidic solution at 90°C using Notch Specimens
!/>
C L
t/>mm
cm
Q.
mm
(O
Strain 
Sample 1
S t r a i n
Sample 2
64
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX C
CPP DATA
C l. CPP Diagrams at 30°C
Sample 1
Sample 2 
65
1 CKTni* 1 M 0 # *  IfX n m *  1 13] T t  i m n i
loocm* loorr* ïmopA loaipA iao.a*& tam w . wmm* i«_J,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
C2. CPP Diagrams at 90°C
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APPENDIX D
Econt DATA
D E Cathodic Econt in S-I, 90”C at +122 mV
(Conversion factor 1 ksi = 6.8948 M pa can be used wherever applicable)
“1—'--- 1--- '—1---'--- r-- '—r
stra in
D2. Cathodic Econt in S-I, 90°C at -78 mV
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D3. Anodic Econt in S-I, 90°C at +200 mV
mmCJ
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O.OC 0 .0 2  0 .0 4  0 .0 0  0 .0 6  0 . ! 0  0 . t 2  0 .1 4 .1 6  0 .2 0  0 .2 2  0 .2 4
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D4. Anodic Econt in S-I, 90°C at +300 mV
mm
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APPENDIX E
Autoclave Data
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APPENDIX F
UNCERTAINTY ANALYSES OF EXPERIMENTAL RESULTS 
A more precise method o f estimating uncertainty in experimental results has been 
presented by Kline and McClintock. The method is based on a careful specification o f 
the uncertainties in the various primary experimental measurements. For example, the 
maximum load-cell reading o f the slow-strain-rate (SSR) unit is 7500 lbs ± 0.3% lbs.
W hen the plus or minus notation is used to designate the uncertainty, the person 
making this designation is stating the degree o f accuracy with which he or she 
believes the measurement has been made. It is notable that this specification is in 
itself uncertain because the experiment is naturally uncertain about the accuracy o f 
these measurements.
If  a very careful calibration o f an instrument has been performed recently with 
standards o f very high precision, then the experimentalist will be justified in 
assigning a much lower uncertainty to measurements than, if  they were performed 
with a gage or instrument o f unknown calibration history [24].
Most o f the instruments in the Materials Performance Laboratory were calibrated 
on a regular basis by Bechtel Nevada using standards with very high precision. Thus, 
it is expected that the resultant data presented in this dissertation would have very 
insignificant uncertainty. The uncertainties in the results o f this investigation are
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calculated by using the Kline and McClintock Method. The equation used for this
method is given below.
dR y
+
dR
■ w .
W here, W r = the uncertainty in the results
R = the given function o f the independent variables xi, X2,  x j
R = R(xi, X2 ,  Xn)
wi, W2 ,  Wn = the uncertainty in the independent variables
FI Uncertainty Calculation in MTS Results
The results generated from the MTS testing are stress (o), percentage elongation 
(%E1), and percentage reduction in area (%RA). The stress is based on the load (P) 
and the initial cross-sectional area (Ai) o f the tested specimen. The %E1 is based on 
the change in length (Al) during the testing and the %RA is based on the initial and 
final cross-sectional areas (Aj and Af). The magnitude o f P was obtained from the 
load-cell o f the MTS unit. However, the values for Al, Ai, and Af were calculated 
based measurements by a caliper. The uncertainties in load-cell and caliper were ± 
0.03% lbs and ± 0.001 in, respectively, obtained from the calibration. The uncertainty 
in the initial notched diameter was ± 0.001, which was provided by the manufacturer 
and the uncertainty in the final notched diameter was ± 0.001 obtained by using the 
caliper.
F 1.1 Calculation o f Uncertainty in Stress (uo) 
uO = u(P, Aj)
uAj= (uDi)^
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Uncertainty in load-cell 
Uncertainty in caliper
= ± 0.03% lb 
= ± 0.001 in
Sample calculation:
For yield stress (YS) 
Uncertainty in load (uP)
= 53 ksi 
= 2597*0.0003 
= ±0.7791
Uncertainty in cross-sectional area (uAi) for the smooth specimen: 
Initial Diameter (DO = 0.25 in
Uncertainty in diameter (uD) = ± 0.001 in
Area (AO =
= 0.049
dA. kD;
= 0.393
Uncertainty in area, „ A^
dA
= 0.393*0.001
±0.000393
Uncertainty in stress, „ o  ■
d a  
9P  "
+
1 . 1)
72
(Equation
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
p
<7 = ----
d o  1 
9P
= 20.41 
9(7 P
= - 1081632.65
Now providing all the numerical values in equation (1.1) obtained from the 
calculation, it is found that,
„ (7 = [(20.41 * 0.7791)' + (-1081632.65 * 0.000393)'
= 425.37 psi 
= ± 0.42 ksi
One example o f the use o f the uncertainty analysis is shown in this section. This can 
be implemented to all experimental results discussed in this thesis.
F 1.2 Calculation o f Uncertainty in Percentage Elongation (u%El)
Sample calculation:
Change in length (Al) = 0.2107 in
Gage length (1) = 1 in
%E1= y - 1 0 0
Uncertainty in Al („A1) = ± 0.001
Uncertainty in %E1 (u%El),
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,%E/ =
I
(Equation 1.2)
100
dAl I 
=  100
Providing all the calculated values in equation 1.2, it is found that,
„ % A  =  [( l0 0 * 0 .0 0 l) ' ]2  
u%El = ±0.1
One example o f the use o f  the uncertainty analysis is shown in this section. This can 
be implemented to all experimental results discussed in this thesis.
F2 Uncertainty Calculation in Constant-load (CL) Results 
F2.1 Uncertainty Calculation in Applied Stress (oa):
The uncertainty in applied stresses was calculated using equation 1.1.
F2.2 Uncertainty Calculation in Time-To-Failure (TTF):
The uncertainty in the automatic timer o f the CL test setup is ± 0.50.
F3 Uncertainty Calculation in Slow-Strain-Rate (SSR) Testing 
F3.1 Uncertainty Calculation in True Failure Stress (uOf)
The uncertainty in the Of is based on the failure load (Pf) and the final cross- 
sectional area (Af) o f the tested specimen. The uncertainty in the Of was calculated 
based on the Pf and Af using the equation 1.1.
F3.2 Uncertainty Calculation in Percentage Elongation (u%El)
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The uncertainty in the %E1 was calculated using the equation 1.2.
F3.3 Calculation o f Uncertainty in Percentage Reduction in Area (u%RA) 
Sample calculation:
For %RA = 81.6%
Uncertainty in initial cross-sectional area (uA) for the smooth specimen: 
Initial Diameter (DO = 0.25 in 
Uncertainty in initial diameter,
(uDO = ± 0.001 in
Area (Aj) =
ïïD;
= 0.049
dA, TtD,
dD,
= 0.393
Uncertainty in initial cross-sectional area.
dA,
= 0.393*0.001
= ±0.000393
Uncertainty in final cross-sectional area (uAf) for the smooth specimen: 
Final Diameter (Df) = 0.1070in 
Uncertainty in final diameter (uDf),
= ±0.001 in
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Area (Af)
TtD,
= 0.009
dAf TtDj
= 0.014
Uncertainty in final cross-sectional area,
dAj
A  D ,
= 0.014*0.001
= 0.000014
Uncertainty in u%RA,
d%RA
V 3/1/ "  /y
(Equationl .3)
%RA = 100
r  4 ^
V 4 7
100
dVoRA _ 100^2 
CW; A '
= 374.84
dA, A,
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= - 2040.82
Now assigning all the calculated values in equation 1.3, it is found that,
= [(374.84*0.000393)' + (-2 0 4 0 .8 2  *0 .000014)'f  
= 0.15
One example o f the use o f the uncertainty analysis is shown in this section. This can 
be implemented to all experimental results discussed in this thesis.
F3.4 Uncertainty Calculation in Time-To-Failure (TTF)
The TTF is obtained from the Filed Point software of the slow-strain-rate (SSR)
unit, which is accurate up to —Y-th o f a second in finding the TTF. Therefore, the
100
uncertainty o f the TTF in the SSR testing is negligible.
F4 Uncertainty Calculation in Cyclic Potentiodynamic Polarization (CPP) Testing 
The accuracy o f the potentiostat provided by the manufacturer is ± 0.003 mV 
within a range o f 1 mV.
Sample calculation: For corrosion potential (Ecorr) = 254.2 mV 
The uncertainty in Ecorr = 254.2*0.003
= 0.762 
= ± 0.762 mV
One example o f the use o f the uncertainty analysis is shown in this section. This can 
be implemented to all experimental results discussed in this thesis.
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